Light-induced degradation of hydrogenated amorphous silicon (a-Si∶H), known as the StaeblerWronski effect, has been studied by time-domain pulsed electron-paramagnetic resonance. Electron-spin echo relaxation measurements in the annealed and light-soaked state revealed two types of defects (termed type I and II), which can be discerned by their electron-spin echo relaxation. Type I exhibits a monoexponential decay related to indirect flip-flop processes between dipolar coupled electron spins in defect clusters, while the phase relaxation of type II is dominated by 1 H nuclear spin dynamics and is indicative for isolated spins. We propose that defects are either located at internal surfaces of microvoids (type I) or are isolated and uniformly distributed in the bulk (type II). The concentration of both defect type I and II is significantly higher in the light-soaked state compared to the annealed state. Our results indicate that in addition to isolated defects, defects on internal surfaces of microvoids play a role in light-induced degradation of device-quality a-Si∶H. DOI: 10.1103/PhysRevLett.112.066403 PACS numbers: 71.55.Jv, 76.30.-v, 88.40.jj The efficiency of photovoltaic energy conversion from sunlight to electricity in devices based on hydrogenated amorphous silicon (a-Si∶H) is reduced by light-induced degradation. Exposure to intense sunlight for prolonged time decreases the efficiency of a-Si∶H solar cells by up to 30%, an effect that is referred to as the Staebler-Wronski effect (SWE) [1, 2] . Recombination of excess electron-hole pairs generated by illumination creates additional coordination defects, which induce electronic states in the middle of the band gap. The enhanced recombination via those defect states causes a degradation of solar cell performance [3] . Light-induced defects are metastable in the sense that they can be removed by annealing at moderate temperatures (100-200°C for 1-2 h) [3, 4] , while defects present after deposition (here referred to as native) are stable with respect to annealing up to the deposition temperature. In undoped a-Si∶H, electron-paramagnetic resonance (EPR) indicates that native as well as metastable defects are threefold-coordinated Si atoms [dangling bonds (DB)] with a remaining unpaired electron, and, thus, are paramagnetic [3] [4] [5] [6] . Although a wide variety of models was proposed to explain the SWE [7] [8] [9] [10] [11] [12] , its microscopic process has remained unclear [11, 12] . Most models of the SWE are built on recombination-induced breaking of weak Si-Si bonds [3, 11] or formation of metastable H complexes [13] assuming a uniform defect distribution in a continuous random network of Si and H atoms. However, it has been shown that a-Si∶H, regardless of its structural and electronic quality, is inhomogeneous and contains a large amount of microvoids and vacancies [14] [15] [16] [17] [18] . In a-Si∶H, nuclear-magnetic resonance [19, 20] , H effusion [18, 21] , positron-annihilation spectroscopy [22] , and Fourier-transform infrared spectroscopy [23] indicate the presence of H clusters and H passivated multivacancies (2 to 7 missing Si atoms). In addition, small-angle x-ray scattering experiments suggest that, even in the case of device-quality films, a-Si∶H contains microvoids of ≈1 nm diameter at a concentration of ≈10 19 cm −3 [15] . Further studies presented empirical evidence that the amount of microvoids is correlated to solar cell performance in the initial and light-degraded state [24, 25] , indicating that microvoids play a role in light-induced degradation. A corresponding model explaining the SWE relying on H migration on internal surfaces of microvoids has been presented by Carlson [26]. However, experimental evidence for a microscopic link between microvoids and metastable defect creation is missing so far.
The efficiency of photovoltaic energy conversion from sunlight to electricity in devices based on hydrogenated amorphous silicon (a-Si∶H) is reduced by light-induced degradation. Exposure to intense sunlight for prolonged time decreases the efficiency of a-Si∶H solar cells by up to 30%, an effect that is referred to as the Staebler-Wronski effect (SWE) [1, 2] . Recombination of excess electron-hole pairs generated by illumination creates additional coordination defects, which induce electronic states in the middle of the band gap. The enhanced recombination via those defect states causes a degradation of solar cell performance [3] . Light-induced defects are metastable in the sense that they can be removed by annealing at moderate temperatures (100-200°C for 1-2 h) [3, 4] , while defects present after deposition (here referred to as native) are stable with respect to annealing up to the deposition temperature. In undoped a-Si∶H, electron-paramagnetic resonance (EPR) indicates that native as well as metastable defects are threefold-coordinated Si atoms [dangling bonds (DB)] with a remaining unpaired electron, and, thus, are paramagnetic [3] [4] [5] [6] . Although a wide variety of models was proposed to explain the SWE [7] [8] [9] [10] [11] [12] , its microscopic process has remained unclear [11, 12] . Most models of the SWE are built on recombination-induced breaking of weak Si-Si bonds [3, 11] or formation of metastable H complexes [13] assuming a uniform defect distribution in a continuous random network of Si and H atoms. However, it has been shown that a-Si∶H, regardless of its structural and electronic quality, is inhomogeneous and contains a large amount of microvoids and vacancies [14] [15] [16] [17] [18] . In a-Si∶H, nuclear-magnetic resonance [19, 20] , H effusion [18, 21] , positron-annihilation spectroscopy [22] , and Fourier-transform infrared spectroscopy [23] indicate the presence of H clusters and H passivated multivacancies (2 to 7 missing Si atoms). In addition, small-angle x-ray scattering experiments suggest that, even in the case of device-quality films, a-Si∶H contains microvoids of ≈1 nm diameter at a concentration of ≈10 19 cm −3 [15] . Further studies presented empirical evidence that the amount of microvoids is correlated to solar cell performance in the initial and light-degraded state [24, 25] , indicating that microvoids play a role in light-induced degradation. A corresponding model explaining the SWE relying on H migration on internal surfaces of microvoids has been presented by Carlson [26] . However, experimental evidence for a microscopic link between microvoids and metastable defect creation is missing so far.
In this work, we present results from time-domain pulsed EPR spectroscopy providing evidence that a significant portion of metastable defects form dense clusters. We propose that these clusters are linked to microvoids and their inner surfaces. Since metastable defects in undoped a-Si∶H are paramagnetic and carry an electron spin, details on the atomic length scale can be inferred by EPR. This technique resolves interactions between electron spins (i.e., defect sites) and also between electron and nuclear spins (e.g., 1 H). Those interactions are important, since the spatial distribution of defects and nuclei is encoded in their dipolar and isotropic part. While spin-spin interactions are usually too small to be resolved in the EPR spectrum, they often dominate the relaxation of electron-spin echoes (ESEs) in solids [27] [28] [29] [30] [31] . In pulsed EPR, the excitation bandwidth is usually narrow compared to the width of the EPR spectrum and we can divide spins into excited (A) and nonexcited spins (B). B spins are subject to random fluctuations induced either by spin-lattice relaxation or mutual spin flip flops (spin diffusion). These fluctuations randomly shift the resonance frequency of A spins causing a loss in phase coherence, a process referred to as spectral diffusion (SD).
Here, we measure the ESE relaxation of defect states, which allows us to infer details about their spatial distribution. We found that a-Si∶H in the light-soaked and annealed state contains two types of defects, which differ in their ESE relaxation. We discuss their microscopic environment and propose that defects of type I are clustered at microvoids giving rise to a fast ESE decay while defects of type II are randomly distributed, resulting in a less rapid ESE decay dominated by 1 H nuclear spin dynamics. Undoped device-grade a-Si∶H and a-Si∶D films of 1 μm thickness were deposited with plasma-enhanced chemical vapor deposition (PECVD) on Al foil [32, 33] . The samples where light soaked for 760-1000 h at 50°C. We applied filtered (cutoff 550 nm) AM1.5 light to avoid highly nonuniform defect distributions, which were observed in earlier studies applying white light [34] . The defect density in light-soaked a-Si∶H is 3.2 × 10 16 cm −3 and is reduced to 5.8 × 10 15 cm −3 after annealing samples in sealed quartz tubes at 180°C for 14 h. Similar values are obtained for a-Si∶D. Field-swept echoes (FSEs) and ESE decays were measured with a two-pulse ESE sequence (π=2 − τ − π− τ − echo) at T ¼ 60 K. Experiments were carried out at a microwave frequency of 34 GHz providing higher sensitivity compared to earlier studies operating at 9 GHz [35] . Details about samples and methods are presented in the Supplemental Material [36] . FSE-EPR spectra and ESE decays of light soaked a-Si∶H are shown in Figs. 1(a) and 1(b), respectively. Most strikingly we observe that the overall ESE decays cannot be described by a stretchedexponential decay exp −ðτ=T SD Þ n over the full τ range and, in addition, depend on magnetic-field position (B 0 ), indicated by arrows in Fig. 1(a) . We will show that ESE decays in the light-soaked [ Fig. 1(b) ] as well as in the annealed state [ Fig. 1(c) ] consist of a superposition of two types of defects that differ in their phase relaxation and EPR spectrum. The ESE decay of defect type I is fast and monoexponential (n ¼ 1, best seen in the initial τ regime: 2τ < 5 μs) with a time constant T SD;I ¼ 2.4ð1Þ μs. The ESE decay of defect type II is slow and follows an exp −ðτ=T SD;II Þ 2 law (best seen in the long τ regime: 2τ > 5 μs) with T SD;II ¼ 11:4ð1Þ μs. T SD;IðIIÞ are temperature independent, as described in the Supplemental Material [36] . Our model is summarized in the following formula describing the ESE signal V as a function of τ and B 0 :
Here, A I;II ðB 0 Þ describe amplitudes of individual EPR spectra. Equation (1) [36] ). This finding supports the presence of a superposition of two independent defect types. Furthermore, isotope exchange shows that the origin of spin relaxation for defect type II is 1 H nuclear spin induced SD (see also the Supplemental Material [36] ).
2 D carries a smaller magnetic moment compared to 1 H which leads to a smaller magnetic field felt by the electron spin and, therefore, increases T SD;II [37] . A more careful analysis of the ESE decay of defect type II in a-Si∶D shows that instead of SD, instantaneous diffusion (ID) is the limiting process (see the Supplemental Material [36] ). From the ID rate constant we can infer that type II defects in a-Si∶D are uniformly distributed [38] ; i.e., defects are isolated from each other. This finding should also hold for a-Si∶H.
As shown in Fig. 1(b) , ESE decays of a-Si∶H depend on B 0 , which is equivalent to a dependence of FSE-EPR spectra on τ. This dependence has been measured for consistency [see Fig. 2(a) ] showing that FSE-EPR spectra increase in width as τ is increased. This implies that EPR spectra of defect type I and II (A I;II ) differ, which is shown in Fig. 2(b) for the light-soaked state of a-Si∶H. Equivalent results are obtained for the annealed state of a-Si∶H. A spectral decomposition for the a-Si∶D sample is discussed in the Supplemental Material [36] .
The defect density in the light-soaked state is higher than in the annealed state, which is due to a change in concentration of both defect types. In order to quantify the individual defect densities we first measured the total density by cw EPR at room temperature to calibrate relative signal intensities obtained by pulsed EPR. Using this procedure we can determine the absolute density of each individual defect type by integrating the disentangled EPR spectra. Figure 2(c) shows that annealing reduces defect densities by a factor of 2.5(9) (type I) and 11(9) (type II). We find that about 21(9)% of all metastable defects are of type I while 79(9)% are of type II. At this point it is important to highlight that we observe both types of defects in a variety of light-soaked samples deposited under different PECVD conditions (data not shown). The hereobserved effect is, therefore, a general feature of the SWE. A further interesting observation is that reversing lightinduced degradation by annealing shifts the whole EPR spectrum by 0.2(1) mT to higher magnetic field values [see Fig. 1(a)]; i.e., the mean g value shifts from 2.0053(2) to 2.0050(2), an effect which is currently not understood.
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We have seen above that the ESE decay of defect type I is not affected by exchanging isotopes ( 1 H with 2 D), which implies that 1 H-induced SD is not the dominant relaxation mechanism. Other relaxation mechanisms relying on spin flips induced by spin-lattice relaxation (T 1 ) [30] can be excluded, since ESE decays are temperature independent below 60 K while T 1 exhibits a steep temperature dependence (see the Supplemental Material [36] ). Temperatureindependent mechanisms such as ID or direct flip flops [39] can also be excluded, since the ESE decay of defects in a-Si∶H does not depend on microwave pulse flip angle as described in the Supplemental Material [36] . Instead we propose that indirect flip flops of adjacent electron-spin pairs lead to the observed ESE decay. If the dipolar coupling between pairs of B spins (marked black) is sufficiently large, they carry out flip flops [see Fig. 2(d) ] changing their spin orientation in a random manner [39] . This modulates the magnetic field felt by the A spin (marked red) leading to SD. This ESE relaxation process is independent of temperature and flip angle and is in agreement with our experimental observations. It shall be noted that the indirect flip-flop rate is only temperature independent if the thermal energy is larger than the Zeeman energy, i.e., the spin ensemble is not polarized [40, 41] , a condition that is fulfilled here (the Zeeman energy at 1.2 T corresponds to 1.6 K). T SD;I is, therefore, only a function of flip-flop rate (W) and dipolar coupling between the spin pair and the observed spin [39] . In addition, W depends on the spatial arrangement of spins and spin-spin interactions within clusters consisting of two or more spins have to be considered for this relaxation mechanism [39] . Hence, analytic expressions for the ESE decay are currently not available. However, we can compare our case to a similar spin system consisting of 31 P donors in crystalline Si, which was recently investigated by experiment and theory [42, 43] . It was shown that indirect flip flops between electron spins of randomly distributed donors with a concentration of N ≈ 10 16 cm −3 lead to a temperature independent ESE relaxation time constant of 500 μs [42] . As this is two orders of magnitude larger than our result and the average spin concentration is roughly the same, we conclude that defects of type I are not randomly distributed. Instead, we propose that defects form clusters in which the locally small interspin distances lead to a large dipolar coupling and to a drastic increase in indirect flipflop rate. For P donors in Si, Tyryshkin et al. [42] found a linear relationship between N and relaxation rate:
This result is supported by recent theoretical studies [43] and can also be understood in a simple dipole model originally established by Bloch for NMR [44] . Applying Bloch's model to electron spin-spin relaxation gives 1=T 2 ¼ ðμ 0 μ 2 =2hr 3 Þ, where μ is the electron magnetic moment and r is the interdipole distance. Replacing r with a density N of a random distribution, we arrive at 1=T 2 ½s −1 ≈ 8 × 10 −14 N ½cm −3 , which is in good agreement with the experimental data of P-doped Si considering the simplicity of Bloch's theory. Extrapolating the data points reported in Ref. [42] to T SD;I ¼ 2.4ð1Þ μs, allows us to asses a local defect concentration. We obtain N loc ≈ 4 × 10 19 cm −3 which corresponds to an average distance of D ¼ 1.6 nm. This result indicates that N loc is about 3 orders of magnitude larger than the average defect concentration. For a-Si∶H, the existence of highly defective surface layers and a nonuniform defect distribution in the bulk after light soaking due to a nonuniform carrier profile have been reported [34] . However, these findings unlikely explain our results. The bulk defect distribution in our samples is significantly more uniform compared to Ref. [34] because we filter out blue light while Ref. [34] uses white light. Also metastable defects of type I unlikely stem from a highly defective surface layer, since Zhou et al. [34] find that the defect density in the surface layer is much less sensitive to light soaking compared to the bulk defect density. We, therefore, attribute the observed drop in defect density by a factor of 2.5(9) after annealing to the bulk defect density [see Fig. 2(c) ]. In addition, our estimate for N loc is much higher compared to a typical defect density in a defective surface layer (10 18 cm −3 [45] ). We, therefore, relate the high N loc to the inhomogeneous atomic network of a-Si∶H. As reviewed in the introduction, a-Si∶H contains a large number of microvoids with a size of about 1-2 nm. When defects are concentrated on the inner surface of microvoids their distance is on average 1-2 nm, which reasonably well agrees with the average distance in defect clusters estimated from the ESE decay (D ¼ 1.6 nm).
Carlson [26] proposed that light-induced degradation is linked to H motion at internal surfaces of microvoids, which are reconstructed similar to the (100) surface of crystalline Si [46, 47] . In the following we shall recapture the most important features of this model and Fig. 3 provides a corresponding illustration on the atomic level. The model states that weak Si-Si bonds of dimers trap free holes (h þ ) leading to H motion, which eventually causes a rupture of dimeric Si-Si bond reconstruction and the formation of dangling bonds. Recent observations of fast light-induced degradation of a-Si∶H=c-Si interfaces support this mechanism [48] . Considering the model by Carlson, metastable defects are created at internal surfaces of microvoids and it is reasonable to assume that several defects will be created leading to spin clustering if the microvoid is of sufficient size. We, therefore, propose that defects of type I are related to microvoids. As inferred from ID experiments, defects of type II are randomly distributed. However, we cannot decide whether defect type II is also associated with microvoids, as suggested recently (see Ref. [49] ).
Above, we found that for a-Si∶H about 21(9)% of all metastable defects are clustered (type I) and 79(9)% are isolated (type II). In the annealed state both populations are roughly equal [see Fig. 2(c) ]. This shows that clustered metastable defects, potentially associated with microvoids, play a significant role although they are only partially responsible for light-induced degradation. The reason why there are more isolated defects in the light-soaked state than clustered defects is not completely understood, but might be related to a higher abundance of precursor sites (weak Si-Si bonds) available in the bulk of the a-Si∶H film, while microvoids and their associated weak Si-Si bonds are less abundant. Figure 2 (b) showed that defects of type I and II also differ in their EPR spectra, where type I exhibits a narrower spectrum compared to type II. This can be explained by exchange narrowing, where the exchange interaction in spin clusters averages the anisotropic g tensor [50, 51] .
In summary, we investigated defects in light-soaked and annealed a-Si∶HðDÞ by time-domain pulsed EPR spectroscopy. We distinguished two defect types (I, II) by their ESE relaxation properties. ESE relaxation of defect type I is dominated by indirect flip flops between dipolar-coupled spins, indicating that these defects occur in clusters. We propose that defect clusters are associated with microvoids. In contrast, defects of type II are randomly distributed and exhibit an ESE relaxation, which is determined by 1 H nuclear-spin flip flops. Both defect populations are present in the annealed as well as in the light-soaked state and both contribute to light-induced degradation. While isolated defects [79(9)%] constitute the majority of metastable defects, the portion of clustered metastable defects [21 (9)%], potentially associated with microvoids, is also significant. This result indicates that microvoids play a role in light-induced degradation of a-Si∶H. 
